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Particle size control of monodispersed spherical
nanoparticles with MCM-48-type mesostructure via novel
rapid synthesis procedure
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Abstract Monodispersed spherical silica nanoparticles
with a cubic mesostructure were synthesized in a fast
and innovative way using triethanolamine (TEA) and
the triblock copolymer Pluronic® F127 as particle
growth inhibitors to control the particle size in a range
from 420 to 62 nm. In this study, we described a syn-
thesis of mesoporous silica nanoparticles (MSNs) with
MCM-48 structure at room temperature with adequate
control of particle monodispersity, shape, and size using
TEA. Based on particle characterization, TEA can effi-
ciently act as catalyst and at the same time as particle
growth controlling additive. A mixture of TEA and
Pluronic® F127 additives was used to obtain very small
MSNs (62 nm), whereby the quality of MCM-48 silica
is associated with the composition of the additives used
and thus also with the final particle size. A finely

dispersed and high-quality MCM-48 material with ~
100% yield, excellent textural properties, and a particle
size of 295 nm was synthesized within only 35 min
using excess TEA as particle size controlling and dis-
persion agent together with ammonia as additional cat-
alyst. Solvent extraction combined with ion exchange
removed the surfactant efficiently. All prepared MSNs
showed good textural properties, tunable particle sizes
with narrow size distributions, and good dispersity in
water, which make them highly promising as carriers for
biomolecules in biomedical applications.

Keywords Mesoporous silica nanoparticles . MCM-48
structure . Particle size control . Surfactant removal .
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Introduction

Mesoporous silica nanoparticles (MSNs) have fascinat-
ing properties such as high specific surface area, large
pore volume, tunable particle size and pore diameter,
f l e x i b l e mo r p h o l o g y, f a c i l e s u r f a c e f o r
functionalization, and good biocompatibility (Bharti
et al. 2015; VerMeer et al. 2010). Owing to these unique
properties, they are widely applied in adsorption, catal-
ysis, and biomedicine (Jin et al. 2017; Kuśtrowski et al.
2005; Verho et al. 2014; Wang et al. 2014; Zhang et al.
2017). The principal synthetic route for monodispersed
silica particles was first discovered in 1968 by Stöber
et al. (1968). Stöber’s modified sol-gel method is the
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most applicable synthesis approach for MSNs with var-
ious morphologies, particle sizes, and mesoporous
structures. The preparation of sub-micrometer to sub-
100-nm scaled monodispersed spherical MCM-41-type
MSNs was studied extensively through modifying
Stöber’s synthesis (Das et al. 2014; Grün et al. 1997;
Kobler et al. 2008; Lind et al. 2003; Qiao et al. 2009;
Schiller et al. 2009; Uhlig et al. 2013). MCM-41-type
MSNs were demonstrated to be good intracellular car-
riers for biomedical and pharmaceutical applications
(Andersson et al. 2005; Angelos et al. 2008; Shahbazi
et al. 2012; Yanes and Tamanoi 2012).

However, fewer investigations have been devoted to
MCM-48-type MSN syntheses (with controlled particle
diameter, morphology and mesophase structure) and
their biomedical applications, as they are more difficult
to synthesize. The synthesis of MSNs with defined
cubic mesostructure and morphology requires precise
control of the experimental conditions, including pH,
temperature, stirring rate, stirring time, aging time, and
concentrations of the templates (Boote et al. 2007;
Hoffmann et al. 2006). Minor changes in these synthesis
conditions may cause a significant difference in the
properties of the final product. Recently, Luo et al.
(2017) prepared high-quality MCM-48 materials by
adjusting stirring rate, ethanol, and surfactant
concentration. The presence of ethanol drives a
mesophase transformation from hexagonal to mixed
hexagonal/cubic, further to purely cubic, and finally to
a mixed cubic/lamellar mesostructure. The simultaneous
control of particle diameter, morphology, and
mesophase structure by varying the amount of ethanol
is still challenging. Kim et al. (2005) demonstrated the
synthesis of a series of MCM-48-type MSNs, in which
the environment-friendly and cheap nonionic co-
surfactant poly(ethylene oxide)106–poly(propylene ox-
ide)70–poly(ethylene oxide)106 (Pluronic® F127) was
used to efficiently control the particle size and particle
dispersity in the surfactant cetyltrimethylammonium
bromide (CTAB)–directed synthesis method. However,
using a large amount of Pluronic® F127 in order to
obtain small size particles impaired the morphology
and led to the formation of polydispersed MSNs. More-
over, a synthesis of cubic mesostructured silica using the
triblock copolymer Pluronic® P123 and n-butanol as
structure-directing agents was reported (Kim et al. 2005;
Kleitz et al. 2003). Guan et al. (2016, 2018) later used
these two different copolymers (Pluronic® P123 and

Pluronic® F127) as soft templates for the synthesis of
large pore walnut-shaped macro-/mesoporous and
bowl-like mesoporous poly-dopamine nanoparticles to
create a composite with mesoporous carbon particles for
a wide range of applications. Better control of
monodispersity, morphology, and particle size in the
synthesis of MSNs and the establishment of an appro-
priate surfactant removal method are imperative for
biomedical applications.

Particularly mesoporous silica materials with three-
dimensional (3D) porous networks (MCM-48, KIT-6)
should have advantages over materials with one-
dimensional arrays of pores (MCM-41, SBA-15) in
various applications such as catalysis, adsorption, and
biomedicine. The 3D pore systemwith cubic structure is
more resistant to pore blocking and characterized by an
improved mass transfer of the reactant molecules in the
pore channels by providing more efficient (better con-
nected) diffusion pathways. In addition, 3D pore struc-
tures offer more adsorption sites. Therefore, the 3D
framework and the set of two interpenetrating pore
systems make these materials promising for applications
in biomedicine (Bandyopadhyay et al. 2005; Pajchel
and Kolodziejski 2018; Uhlig et al. 2018; Vinu et al.
2008).

The current study focuses on the synthesis of
monodispersed spherical MSNs with cubic mesostructure,
excellent textural properties, and variable particle sizes
using tetraethylorthosilicate (TEOS) as silica precursor,
CTAB as template, NH3 as alkaline catalyst, and TEA
or/and Pluronic® F127 as particle growth inhibitors and
dispersing agents respectively, at room temperature. We
investigated the synthesis of particle size–controlled
MCM-48-type MSNs using TEA as base catalyst, particle
growth inhibitor, and dispersing agent for the first time. In
addition to its alkaline catalytic activity like ammonia, it
has been suggested that TEA is effective in controlling
particle size and aggregation (instead of Pluronic® F127)
while preserving the MCM-48-type mesostructure. Fur-
thermore, a mixture of TEA and Pluronic® F127 may
show synergistic effects in controlling the particle growth,
which can lead to a reduction of the particle size of the
monodispersedMSNs. The influence of TEA in combina-
tion with NH3 as a base catalyst was also studied. Further-
more, the effects of experimental parameters like stirring
rate and time, reaction time, and TEA concentration on the
pore structure, textural properties, and particle size were
investigated.
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Experimental

Chemicals

Absolute ethanol (EtOH, 100%), hydrochloric acid
(HCl, 37%) and ammonium hydroxide solution
(NH4OH, 25%) were purchased from VWR Chemicals
(Darmstadt, Germany). Tetraethylorthosilicate (99%)
was received from abcr (Karlsruhe, Germany).
Pluronic® F127 (EO106PO70EO106, BioReagent) and
cetyltrimethylammonium bromide (99%) came from
Sigma-Aldrich (Steinheim, Germany). Triethanolamine
(99%) was provided byAcros organics (Geel, Belgium).
Deionized water was used for all experiments. All
chemicals were used without further purification.

Synthesis of monodispersed spherical MSNs

Initially, a control sample with high-quality MCM-48
structure was prepared via a surfactant assembled sol-
gel process in a modified Stöber solution containing
CTAB, TEOS, NH3, water, and ethanol without any
additive. Briefly, 0.5 g CTAB was dissolved in water
(96 mL) and absolute ethanol (43.3 mL). After complete
dissolution, aqueous ammonia solution (11.2 mL,
25 wt.%) was added. TEOS (2 mL) was added quickly
under vigorous stirring (1000 rpm), which was contin-
ued for 1 min after TEOS addition. The molar ratio of
the final reaction mixture was 1 TEOS:0.15 CTAB:32.7
NH3:598.3 H2O:27.8 C2H5OH. The reaction mixture
was kept at room temperature (25 °C) under static
conditions for 24 h. Afterwards, the white product was
separated by centrifugation and washed repeatedly with
water and ethanol within a couple of minutes to prevent
further particle growth and remove unreacted residues.

To obtain finely dispersed MSNs with adjustable
particle size, TEA or/and Pluronic® F127 were added
to similar reaction mixtures (control sample), keeping
the composition and all other conditions constant. Here-
in, four different reaction compositions were used:

1) Adding Pluronic® F127 (2 g) for comparison of its
effect with TEA.

2) Replacing NH3 by TEA (16 mL) (volume ratio
TEOS/TEA = 1/8). TEA acts as base catalyst and
particle growth controller taking over the role of
both NH3 and Pluronic® F127.

3) Using a mixture of Pluronic® F127 (2 g) and TEA
(16 mL).

4) TEA (16 mL) was used to control the particle
growth and particle aggregation in the presence of
NH3 with respect to the control sample (only NH3).

Finally, the pore-generating agent CTAB was re-
moved by reflux solvent extraction in an ethanol solu-
tion (100 mL) containing aqueous HCl (6 mL, 37%) or
NH4NO3 (1.5 g) under stirring at 60 °C for 3 h. The
purpose of using NH4NO3 or HCl in ethanol is to break
the electrostatic forces between the oligomeric silicate
anions and the cationic head groups (CTA+) of CTAB
(Lang and Tuel 2004). To ensure complete surfactant
removal, the extraction step was repeated twice and the
particles were washed three times with ethanol after
each extraction step. For selected samples, a Soxhlet
extraction approach using acidic ethanol solution (for
24 h) was applied for comparison. All samples were
finally dried under vacuum at 80 °C.

Characterization

A Leo Gemini 1530 scanning electron microscope
(SEM) (Zeiss, Oberkochen, Germany) was used to an-
alyze the morphology, monodispersity, aggregation, and
particle size of the synthesized MSNs. The particle size
of all samples was determined from the SEM images
using ImageJ software by a random measurement of 80
to 100 particles. Transmission electron microscopy
(TEM) analysis was performed on JEM2100Plus
(JEOL, Tokyo, Japan) instrument operated at a 200-kV
acceleration voltage. The particles were dispersed in
ethanol and supported on a lacey-carbon TEM grid.
Silica nanosphere suspensions in water were measured
using the Colloidal Dynamics AcoustoSizer II (AZR II)
(Colloidal Dynamics, Ponte Vedra Beach, FL) to obtain
hydrated particle sizes and their distributions. The de-
vice determines the particle size and zeta potential from
electroacoustic and ultrasonic attenuation measure-
ments. To assure the removal of the surfactant mole-
cules, thermogravimetric analysis (TGA) was carried
out for selected samples in a STA 409 thermobalance
(Netzsch, Selb, Germany) with a heating rate of 10 °C
per minute under air. For further confirmation, selected
samples were analyzed before and after CTAB removal
using elemental analysis (Vario EL III, Elementar
Analysensysteme, Langenselbold, Germany) and atten-
uated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) with a Vector 22 spectrometer
(Bruker, Billerica, MA). Low-angle powder X-ray

J Nanopart Res (2019) 21: 258 Page 3 of 13 258



diffraction (XRD) measurements were performed at
room temperature on a D8 Advance diffractometer
(Bruker AXS, Karlsruhe, Germany) operating with
Cu-Kα radiation in the range 2θ = 0.4–10.0° with a step
size of 0.01° and a counting time of 1 s/step (LynxEye-
Detector). Nitrogen (N2) physisorption measurements
were performed using a Quantachrome Autosorb iQ
(Quantachrome, Boynton Beach, FL). Prior to the sorp-
tion, measurements all samples were treated under vac-
uum at standard conditions of 250 °C for 10 h. The
specific surface areas were calculated using the
Brunauer-Emmett-Teller (BET) method in the range of
p/p0 = 0.05–0.35 and the total pore volumewas obtained
at the maximum relative pressure p/p0 = 0.98. The non-
local density functional theory (NLDFT) method was
applied to estimate the pore diameters using the adsorp-
tion branch model considering N2 sorption at − 196 °C
in silica with cylindrical pore geometry.

Results and discussion

The synthesis of MSNs with tunable porosity and parti-
cle size as well as good dispersity (particularly <
200 nm) was highlighted in previous studies, since
materials are interesting for biomedical applications in-
cluding cell imaging, disease diagnosis, and drug/gene/
protein storage or delivery (Du and He 2011; He and Shi
2011; Polshettiwar et al. 2010; Qiao et al. 2009; Xu et al.
2013). Therefore, the development of innovative and
improved synthesis methods for the manufacture of
such MSNs constitutes a major challenge in order to
meet the ever-increasing requirements. One of the focal
points represents the effectiveness of the synthesis pro-
cedure in terms of duration and costs. Among other
things, the use of other or additional chemicals can
change and improve these factors. Also, most of the
previous works rely on calcination as a surfactant re-
moval method after the synthesis of MCM-48-type
MSNs (Kim et al. 2010; Luo et al. 2017; Peng et al.
2012). Recently, the development of organic-inorganic
hybrid nanomaterials with multiple functionalities has
attracted more attention, e.g., in biomedical applications
or catalysis (Borodina et al. 2015; Kickelbick 2007).
Calcination for template removal is not practicable for
such materials as the required organic functionalization
is lost during the heat treatment. Hence, a mild surfac-
tant removal method should be established to make the
entire process more efficient.

Influence of TEA and Pluronic® F127

The use of growth inhibitor additives and functional
organosilanes (Kim et al. 2005; Möller et al. 2007;
Urata et al. 2009; Zhang et al. 2011; Effati and
Pourabbas 2012) improves the particle dispersity and
helps to control the particle size ofMSNs. Therefore, the
complexing agents TEA and Pluronic® F127 were used
as additives to achieve a fine dispersion and to efficient-
ly control the particle size. Table 1 shows the properties
of the reference material (MSN-NH3) and samples pre-
pared using both additives under the same reaction
conditions.

The reference MSN-NH3 (a) exhibits highly aggre-
gated, large spherical particles (Fig. 1) with an average
particle diameter about 420 nm. In contrast, finely dis-
persed and relatively small-sized MSNs were formed
using Pluronic® F127 or/and TEA as particle growth
and aggregation controlling additives. The average par-
ticle diameter of the spheres was significantly reduced
from 420 to 143 nm by using Pluronic® F127 (MSN-
F127 (b)). Alternatively, a replacement of NH3 by TEA
(MSN-TEA (c) ) leads to the format ion of
monodispersed highly spherical particles with a de-
crease of the particle diameter to 186 nm. This indicates
that TEA efficiently controls the material’s spherical
nature, particle diameter, monodispersity, and aggrega-
tion. Apparently, it acts as a weak base that catalyzes the
hydrolysis and condensation rates of the molecular silica
precursors. Moreover, it is a silica oligomer surface
capping or chelating ligand that controls aggregation
and further growth of silica particles and thus influences
the growth mechanism of the MSNs (Möller et al.
2007). The steric effect of the catalyst molecules also
plays an important role in controlling the final particle
size of the silica. Since TEA is sterically more demand-
ing and less nucleophilic, it results in the formation of
smaller particles, while the use of the sterically less
demanding NH3, which has a stronger alkaline character
than TEA, leads to the formation of larger MSNs
(Nandy et al. 2014).

The sample MSN-FT (d) (Table 1) was synthesized
by adding both Pluronic® F127 and TEA to the reaction
mixture, which resulted in a small particle diameter of
62 nm. This indicates that the use of a mixture of these
additives allows better particle size control with a nar-
row distribution while maintaining textural properties.

Based on SEM images and AZR II measurements
(Fig. 1), as well as N2 sorption results (Fig. 2b, c), TEA
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can efficiently play the role of both the catalyst NH3 and
the organic additive Pluronic® F127. Furthermore, TEA
has improved the particle monodispersity and shape.
The low-angle XRD patterns of the samples with differ-
ent particle diameters indicate an ordered mesostructure,
whereby the reference (a) exhibits an XRD pattern with
well-resolved peaks (in the 2θ range of 2–6°) of a highly
ordered 3DMCM-48 cubic mesopore structure with the

space group Ia3d; the peaks correspond to the lattice
planes (211), (220), (420), and (332) (Fig. 2a) (Boote
et al. 2007; Kim et al. 2005; Kim et al. 2010; Solovyov
et al. 2005).

For MSNs prepared using F127 (b) or TEA (c) and a
mixture of both (d), the XRD diffraction peaks appear
broadened and with decreased intensity, but can still be
referred to as MCM-48-like mesostructures. The broad-
ening of the diffraction peaks can be attributed to the
limited long-range order of the pores imposed by the
relatively small size of the particles that leads to a
decrease in the reflection domains of the mesophase. It

might also correlate with the disordering of the material
that reflects the formation of a low-quality cubic
mesostructure (Kim et al. 2010; Lelong et al. 2008;
Qiao et al. 2009). Furthermore, the slight shift of the
peaks towards smaller angles in the case of MSN-TEA
and MSN-FT reflects a structural deviation of the pores
compared with the ordered materials of type M41S. A
study by Möller et al. (2007), in which a reduction in
particle diameter caused the peak shift to the lower 2θ
values, showed an analogical effect.

All samples reveal type IV nitrogen sorption iso-
therms according to the IUPAC nomenclature with a
sharp capillary condensation step (p/p0 = 0.18–0.38)
and uniform mesopore diameters between 3.2 and
3.4 nm (Fig. 2b, c). This characterizes high-quality
periodic mesoporous materials with a narrow pore size
distribution (Brunauer et al. 1940). A sharp secondary
capillary condensation step above a relative pressure of
p/p0 = 0.9 is observed for samples prepared using parti-
cle size controlling agents, where the hysteresis loop

Table 1 Porosimetry data and physical properties of MSNs

Sample SBET (m
2 g−1)a Vmeso (cm

3 g−1)a dmeso (nm)a xp (nm)b xp (nm)c

MSN-NH3 (a) 1245 0.86 3.4 420 535 (± 29)

MSN-F127 (b) 1264 0.89 3.2 143 293 (± 9)

MSN-TEA (c) 1252 0.76 3.2 186 297 (± 8)

MSN-FT (d) 1388 0.81 3.4 62 167 (± 3)

a BET surface area (SBET), mesopore size (dmeso), and volume (Vmeso) based on nitrogen physisorption measurements
b Average particle size (xp) estimated from SEM images
c Average particle size (xp) determined by AZR II with corresponding standard deviation

Fig. 1 SEM images of the reference material (a) and the particle growth–controlled samples prepared with TEA (b), Pluronic® F127 (c) and
a mixture of both (d), and the corresponding AZR II–based particle size distributions
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becomes broader and higher with decreasing particle
diameter. This is related to the interparticle voids ob-
served with decreasing particle size (Luo et al. 2017;
Qiao et al. 2009), a result consistent with the SEM and
AZR II–based measurements.

However, the sample prepared using TEA (MSN-
TEA) showed a less pronounced capillary condensation
step at lower p/p0 than MSN-NH3 and MSN-F127. This
indicates that the interaction of TEAwith silica prevents
particle aggregation and polydispersity and inhibits par-
ticle growth, but reduces the order of the final mesopore
structure (observed at lower p/p0).

One of the major challenges associated with the
synthesis of MSNs in this work was the low yield of
the final products in a single batch. This might be related
to the use of a diluted solution, incomplete hydrolysis,
and condensation in the presence of growth controlling
additives as well as loss of material during surfactant
removal and sampling. The final yield of samples syn-
thesized at room temperature was only about 54%,
particularly when additives were used to control the
particle growth and aggregation. This severe problem
was effectively solved using TEA as particle size con-
troller and dispersion agent together with NH3 as the
catalyst that predominantly controlled the hydrolysis

and condensation reactions of silicate species, whereby
the yield of this synthesis could be enhanced to almost
100%. This reaction route also facilitated the better
investigation of the efficiency of TEA as a particle
growth controlling agent in the presence of NH3. Using
this composition, a stable milky suspension was ob-
served within 2 min after TEOS addition. Therefore,
one sample was prepared for a reaction time of 24 h
(NH3-TEA-24 h (e)) and the other for 35 min (NH3-
TEA-35 min (f)), keeping all other reaction conditions
constant. It is shown that a significant change in the
reaction time has barely any effect on the textural prop-
erties and product yields (Table 2). This indicates that a
stable material with well-defined mesopore structure
can be formed already within a very short reaction
period at higher pH values (pH ~ 12.8). As illustrated
in the SEM pictures (Fig. 3), monodispersed and non-
aggregated nanoparticles with an average particle diam-
eter of ~ 295 nm were obtained within 35 min. The
extended reaction time of 24 h did not influence the
particle size (~ 303 nm) or the porosimetry properties.
Thus, it appears that the excess amount of TEA can
efficiently control the particle growth through chelating
the silica precursor and improve the particle dispersion
by interaction with the silica surface without affecting

Fig. 2 Structural analysis byXRD patterns (a), N2 physisorption isotherms (b), and the corresponding NLDFT pore size distributions (c) for
the MSNs with decreasing particle size

Table 2 Textural properties of the MSN samples to investigate the influence of the reaction time

Sample SBET (m
2 g−1)a Vmeso (cm

3 g−1)a dmeso (nm)a xp (nm)
b

MSN-NH3 (a) 1245 0.86 3.4 420

NH3-TEA-24 h (e) 1245 0.86 3.4 303

NH3-TEA-35 min (f) 1360 0.88 3.4 295

a BET surface area (SBET), mesopore size (dmeso), and volume (Vmeso) based on nitrogen physisorption measurements
b Average particle size (xp) estimated from SEM images
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the quality of the mesopore structure (Möller et al. 2007;
Pardo-Tarifa et al. 2017).

However, some interconnected particles were formed
especially for a long reaction time (e) in addition to the
uniform spherical particles. This might be associated
with the high content of anionic species due to the high
pH in the solution, which causes the high cleavage rate
of siloxane bonds (Si-O-Si) or the dissolution of parti-
cles (Schubert 2015). The initially formed, spherical
primary particles aggregate and form larger secondary
particles after reaching a certain size instead of further
growth. This phenomenon was not significant for sam-
ple (f). Due to the formation of such interconnected
particles, the AZR II analysis was not applicable.

The XRD results revealed the formation of highly

ordered cubic Ia3d structures of MCM-48 silica nano-
particles (Fig. 3a), which was achieved in a short period
of time (35 min) using NH3 and TEA in the synthesis
solution. Nitrogen sorption isotherms of samples (e) and
(f) showed typical type IV isotherms characterized by
pronounced capillary condensation steps at relative
pressures between 0.18 and 0.38 (Fig. 3b). Based on
these results, we conclude that this synthesis route can

be used as best alternative time-saving method for finely
dispersed high-quality MCM-48 materials with good
textural properties, enhanced yield, and controlled par-
ticle diameter. In particular, the reduced synthesis time
due to the dual-templating synthesis should be empha-
sized, which would also make a technical realization
much more practical and attractive.

TEM observations for selected samples, MSN-NH3

(a), MSN-FT (d), and NH3-TEA-35 (f), revealed well-
defined spherical particles with an average particle size
of 409, 56, and 306 nm, respectively (Fig. 4). Further-
more, lattice plane imaging was realized for (a) and (f)
with relatively large particle sizes but not for the small
size nanoparticles (d). The lattice plane imaging for
MSN-FT was not feasible possibly due to lack of the
order structures because the small particle size limits the
long-range ordering of the pores (Qiao et al. 2009). A
higher degree of ordering has been observed for the
larger particles. This result confirms the impact of the
particle size on the periodicity of the pore structure.
However, the results of the TEM analysis are compara-
ble with the information provided by SEM, AZR II, and
XRD.

Fig. 3 SEM images of the samples prepared with TEA during a synthesis time of 24 h (e) and 35 min (f) with the corresponding XRD
patterns (a), N2 physisorption isotherms (b), and NLDFT pore size distributions (c)
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In general, the particle size of cubic like mesoporous
silica nanoparticles can be controlled by growth control-
ling additives in conjunction with the adjustment of
reaction parameters. In this work, a comprehensive ma-
terial characterization was performed using various
techniques to demonstrate this. Previous works also
showed different approaches implemented to control
the particle growth during synthesis as summarized in
Table 3.

Surfactant removal

In view of a subsequent modification process, an at-
tempt was made to establish a low temperature solvent
extraction method. A Soxhlet extraction method using
an acidic (HCl) ethanol solution for 24 h (referred to as
(sox)) and a reflux method using an acidic or ammoni-
um nitrate containing ethanol solution at 60 °C for 3 h
(referred to as (ref)) were tested. For the sample

Fig. 4 TEM images for the
reference sample (a) and samples
prepared by adding a mixture of
TEA and Pluronic® F127 (d) and
only TEA but with a reaction time
of 35 min (f). The figures with the
scale bar of 50 nm (right) show
the particle pore structure

Table 3 Summary of some particle size controlling synthesis methods with tunable particle size ranges estimated from SEM images

Methods Particle size range (nm) References

Particle growth inhibitors (Pluronic® F127 and/or TEA) 62–420 This study

Optimization of co-solvent and surfactant molar ratio 223–353 Luo et al. (2017)

Application of functional organosilanes 50–700 Cho et al. (2011); Effati et al. (2012)

Adjustment of physical parameters in a binary surfactant system 70–500 Kim et al. (2010)

Variation of the catalyst 25–245 Qiao et al. (2009); Nandy et al. (2014)

Variation of the silicate/surfactant concentration 65–740 Nooney et al. (2002)

Adjustment of reaction time, temperature, silica source-catalyst ratio 45–150 Möller et al. (2007)

Variation of catalyst concentration and co-solvent content 30–500 Guan et al. (2012)
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prepared with Pluronic® F127, both textural properties
(pore size, specific surface area, and pore volume) and
mesopore structure were strongly affected by the reflux
extraction method (MSN-F127(ref)) compared with the
Soxhlet method (MSN-F127(sox)). This can be clearly
observed from the XRD patterns (Fig. 5a), where a
c o l l a p s e o f t h e MCM- 4 8 f r am ewo r k i s
evidencedand the N2 sorption isotherms and the corre-
sponding pore size distributions supported this observa-
tion (Fig. 5b, c). As confirmed by the N2 sorption t-plot
analysis, micropores were formed in the reflux extrac-
tion method instead of the unique mesopores, which
causes a shift of the pore size distributions to smaller
values. In contrast, none of the samples prepared using
TEA showed any defects in the textural properties and
mesopore structure after application of the reflux meth-
od, as seen in the XRD patterns (Figs. 2a and 3a), so that
TEA also has a positive effect in this respect. Neverthe-
less, the XRD pattern, the N2 sorption isotherm, and the
pore size distribution of the sample after Soxhlet extrac-
tion (MSN-F127(sox)) in acidic ethanol was compara-
ble with the control sample MSN-NH3(sox) (Fig. 5).

To verify the removal of CTAB after these extraction
methods, FTIR measurements, thermogravimetric, and
elemental analyses were performed. According to the
TGA (Fig. 6a), the sample exhibited a weight loss of
about 39% before CTAB extraction, with the majority
occurring before reaching 400 °C. The initial weight
loss at low temperatures, up to 200 °C, was due to the
removal of physically adsorbed solvent and residual
precursors. A pronounced weight loss was observed
between 200 and 300 °C, which can be associated with
the removal of the organic fractions of the decomposing
CTAB at ~ 243 °C. The weight loss in the temperature

range of 300–600 °C is due to the decomposition of
residual organic molecules and the further condensation
of adjacent silanol groups (Möller et al. 2007). After
CTAB extraction (MSN-NH3), the sample revealed a
weight loss of only ~ 5% up to 600 °C, possibly due to
the removal of remaining solvent molecules, showing
that the surfactant was almost completely removed by
the extraction process.

In addition, FTIR measurements were applied to
confirm the complete removal of CTAB and to further
evaluate the efficiency of the surfactant removal
methods, as seen in the FTIR absorption spectra (Fig.
6b) of the non-extracted sample (MSN-CTAB) and the
samples after CTAB removal (MSN-sox and MSN-ref).
The strong bands at 1100 and 804 cm−1 are associated
with the stretching vibrations of Si-O-Si in the silica
framework and the band at 970 cm−1 is attributed to Si-
OH bending vibrations (Doadrio et al. 2006). The two
strong bands of MSN-CTAB at 2915 and 2848 cm−1 are
due to the asymmetric and symmetric vibrations of CH2

units from the CTAB molecules, while the band at
1470 cm−1 is due to the CH2 bending vibrations of the
surfactant. These absorption peaks of the non-extracted
sample at 2915, 2848, and 1470 cm−1 can be used to
prove the successful removal of the surfactant. It can be
seen that the intensity of these CH2-stretching and bend-
ing vibration bands has almost completely disappeared
after both Soxhlet (MSN-sox) and reflux (MSN-ref)
extraction indicating a complete CTAB removal. The
minor absorbance of CH vibrations observed at
2999 cm−1 after surfactant removal might be due to
other organic residues.

To corroborate the successful removal of the surfac-
tant, the weight percentages of nitrogen, carbon, and

Fig. 5 XRD patterns (a), N2 physisorption isotherms (b), and the respective NLDFT pore size distributions (c) for comparison of the reflux
and Soxhlet surfactant extraction methods with the reference material
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hydrogen were determined by elemental analysis before
and after both extraction methods (Table 4). The nitro-
gen content should be assigned to the quaternary am-
monium head group of CTAB so that the data suggest
that the surfactant was removed with both extraction
variants. The complete loss of nitrogen after the reflux
method (MSN-ref) using an ammonium nitrate/ethanol
solution leads to the conclusion that this procedure is the
most suitable for this surfactant removal. The presence
of 0.2 wt.% nitrogen and an increase in the content of
carbon by 2.1 wt.% as well as of hydrogen by 0.7 wt.%
(with respect to the reflux extraction method) after
Soxhlet extraction can be due to traces of residual sur-
factant, which were not clearly detected in the FTIR
spectra. The traces of remaining surfactant might be
due to the lower ion exchange rate between H+ and
CTA+ compared with the exchange between NH4

+ and
CTA+, which reduces the extraction efficiency for
CTAB in the Soxhlet method. The percentage of car-
bon/hydrogen, CH stretching, and bending vibrations in
the FTIR spectrum at 2999 cm−1 after surfactant remov-
al might originated in residual organic reaction compo-
nents such as non-hydrolyzed ethoxy groups. The FTIR
results are in line with thermogravimetric and elemental
analyses as well as N2 sorption analysis revealing high

pore volume (0.7–0.9 cm3 g−1) and BETsurface area (>
1100 m2 g−1) after CTAB removal.

However, as soon as even a small amount of organic
residues remains in suchmaterials, especially of those as
toxic as CTAB, the MSNs are not suitable for biomed-
ical applications. Complete removal could finally be
achieved by the usual calcination or treatment with
hydrogen peroxide. Nevertheless, in our case, we will
show in future work that the surfactant could fulfill even
a beneficial function if it remains in the pore space
during surface functionalization. This would allow a
subsequent external surface modification of the MSNs.
After this functionalization, the surfactant can be selec-
tively removed from the inner surface via the extraction
route shown here, resulting in a material containing the
organic functionality exclusively on the external surface
of the nanoparticles.

Conclusions

In this study, the particle size of mesoporous silica
nanoparticles was adjusted and controlled through the
addition of growth inhibitors and by adapting the reac-
tion conditions. This allowed us to generate stable
spherical particles with MCM-48 mesostructures. The
use of TEA as particle growth controlling additive or/
and base catalyst as well as substitute for the usually
employed Pluronic® F127, and NH3, respectively, was
successful in the synthesis of MCM-48-like MSNs. The
utilization of a mixture of Pluronic® F127 and TEA
resulted in small-sized MSNs with a particle diameter of
62 nm from SEM analysis. Finely dispersed MSNs with
MCM-48-type cubic mesopore structure, controlled

Fig. 6 Thermogravimetric analysis (a) for a selected sample before and after reflux surfactant extraction and FTIR spectra (b) for
comparison of the reflux and Soxhlet surfactant extraction methods with a non-extracted material

Table 4 Results of the elemental analysis before the removal of
the surfactant and after both extraction procedures

Sample N-% C-% H-%

MSN-CTAB 1.8 32.1 6.6

MSN-ref 0.0 5.8 1.7

MSN-sox 0.2 7.9 2.4
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particle diameter, and excellent textural properties were
synthesized in only 35 min, which resulted in significant
time-savings and established a rapid method for the
synthesis of high-quality MSNs. In addition, in contrast
to the commonly used organic removal procedures, a
solvent extraction method was successfully applied for
an efficient surfactant removal while retaining key tex-
tural properties of the MSNs.

Overall, the synthesized MSNs show good textural
properties, adjustable particle sizes between 420 and
62 nm, excellent dispersity in water, and colloidal sta-
bility and can act as potential carriers for biomolecules.
These characteristics enable functionalization of the
MSNs with stimuli responsive polymers, with the aim
to use these composite materials for controlled and
targeted drug delivery studies.
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